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INTRODUCTION
Oilseed rape (Brassica napus L.; A n A n C n C n , 2n = 49 = 38) is a relatively recent (<10 000 years ago, YA) allotetraploid that was derived from hybridization between B. rapa (A r A r , 2n = 20) and B. oleracea (C o C o , 2n = 18) (Rana et al., 2004) . B. napus is now considered as an important oil and vegetable crop that was initially cultivated <150 YA, is now cultivated around the world, and that shows a broad range of ecophysiological adaptations to different climatic conditions. Diversification of selection has affected various characteristics of B. napus, such as winter hardiness, vernalization requirement, and photoperiod-responsive flowering (Chalhoub et al., 2014) , thereby leading to the selection of three main types: (i) a spring-sown type that is commonly grown in northern Canada and Scandinavia; (ii) a semi-winter-type that is common in subtropical areas of Asia, and southern and western Australia; and (iii) a winter-type that is grown in Europe (Sun, 1946; Liu, 1984) . The genomes of the ancestral species B. rapa (A r ) and B. oleracea (C o ) (Wang et al., 2011; Liu et al., 2014; Parkin et al., 2014) , as well as that of the winter-type oilseed cultivars 'Darmor-bzh' and 'Tapidor', have been decoded, showing that homoeologous exchanges (HEs) play an important role into the diversification of B. napus into different vegetable and oil types (Chalhoub et al., 2014; Bayer et al., 2017) . To further understand the genetic diversity at the whole-genome level, it is necessary to sequence and assemble the genome of other B. napus morphotypes.
One difficulty in sequencing polyploid genomes is to distinguish highly homoeologous sequences. Moreover, plant genomes are generally repetitive and heterozygous, which presents additional challenges in accurately sequencing complex regions using relatively short reads from whole-genome shotgun (WGS) and next-generation sequencing technologies (NGS). Hexaploid bread wheat (Triticum aestivum L., 2n = 69 = 42) is the first polyploid genome assembled using only Illumina HiSeq2500 WGS sequences, for which the assembly covered~57% of the entire genome (Chapman et al., 2015) . To improve the quality of the assembly, an integrated sequencing approach is preferred to individual current techniques for sequencing polyploids. For example, the genome sequence of the winter-type oilseed cultivar 'Darmor-bzh' was assembled from long-read (>700 bp) GS FLX+ Titanium (454 Life Sciences, a Roche company), Sanger, and Illumina HiSeq2000 (Illumina, Inc., San Diego, CA, USA) sequences covering~75% of the genome (Chalhoub et al., 2014) . The genome of allotetraploid upland cotton (Gossypium hirsutum L., 2n = 49 = 52) was assembled using Illumina HiSeq2000 and Sanger-sequenced BAC-end sequences and covered~96% of the genome (Li et al., 2015) . The genome of B. juncea var. 'Tumida' (AABB, 2n = 49 = 22), one of the three allopolyploid Brassica species in the 'triangle of U' model (Nagaharu, 1935) , was assembled using Illumina HiSeq and PacBio sequences covering~85% of the genome and representing the first polyploid genome that was assembled by single-molecule sequencing technology (Yang et al., 2016) . The integrated sequencing and assembly strategy provides an effective method for the assembly of complicated allopolyploid genomes.
We report here the genome of the Asian semi-winter oilseed cultivar 'ZS11', which was assembled de novo using integrated BAC-end and WGS sequencing methods, serving to improve the assembly of complicated genomic regions. This assembly was compared with the wintertype B. napus cultivars 'Darmor-bzh' and 'Tapidor' as well as the progenitor species B. rapa (A r ) and B. oleracea (C o ). The analyses provide insights into the genomic basis for selecting improved breeds of the semi-winter morphotype.
RESULTS

Assembly of the genome of the allotetraploid B. napus cultivar 'ZS11'
Sequencing of pooled BAC clones as well as whole-genome sequencing was used to assemble the genome sequence of 'ZS11' ( Figure S1 ). We generated a BAC library with~10-fold coverage and a mean insert size of 120 kb. In total, 59 904 BACs were sequenced to~100-fold using the Illumina HiSeq2000 and assembled individually (Table S1 and Figures S2 and S3), and then used to generate an overlap-layout-consensus assembly (Wu et al., 2013) . Furthermore,~137 Gb of raw Illumina reads (WGS approach) with insert sizes ranging from 180 bp to 40 kb were also used to improve the assembly (constructing scaffolds and filling gaps) (Table S2 ). Our strategy resulted in~976 Mb of genomic sequence with a scaffold N50 of 602.22 kb and a contig N50 of 39.57 kb (Table S3) . About 95% (924 Mb) of the assembly fell within the 2003 longest scaffolds that were >1000 bp in length. The size of the assembled 'ZS11' genome was about 82% of the genome size estimated by flow cytometry (~1132 Mb) (Johnston et al., 2005) and larger than that of two winter-type of 'Darmor-bzh' assembly (850 Mb) (Chalhoub et al., 2014) and 'Tapidor' assembly (634 Mb) (Bayer et al., 2017) . More than 85% of the 'ZS11' genome assembly was assigned to 19 pseudo-chromosomes by merging five B. napus genetic maps (Figure 1 ). The anchored C n subgenome (520.24 Mb) was larger than the A n subgenome (334.74 Mb), which also coincided with the sizes of the assembled genomes of 'Darmor-bzh' (anchored with ordered and non-ordered, A n : 314.2 Mb, C n : 525.8 Mb) (Chalhoub et al., 2014) and 'Tapidor' (A n : 246 Mb, C n : 381 Mb) (Bayer et al., 2017) .
Validation of the 'ZS11' assembly
We verified the final 'ZS11' assembly using different approaches, including mapping additional genetic markers to evaluate the anchoring order, mapping expressed sequence tags (ESTs) and unique genes to evaluate the assembly of gene regions, mapping BAC sequences generated by Sanger sequencing to evaluate the coverage of the assembly, and BUSCO (Simao et al., 2015) was used to evaluate the single-copy orthologs (SCOs). First, about 94% of the markers from a recently published B. napus genetic map ('61 616' 9 '51 070'), including 1746 bins containing 7269 single nucleotide polymorphism (SNP) markers (Sun et al., 2016) could be uniquely mapped to the 'ZS11' assembly, and all linkage groups showed a one-to-one relationship and collinearity with the corresponding chromosomes (Table S4 and Figure S4 ). Second, 93.18% of 643 944 B. napus ESTs retrieved from at NCBI and 98.86% of 113 709 B. napus unique genes assembled from transcriptome data were covered by our assembly (threshold: identity >90% and alignment rate >60%), which is slightly better than the 'Darmor-bzh' assembly, which covers 92.21% and 98.65% of these ESTs and unique genes, respectively (Tables S5  and S6 ). Third, 17 B. napus BACs were collected from NCBI and our own library, and the sequences of 15 of these showed good alignment with the 'ZS11' assembly (threshold: coverage ratio >90%) (Table S7 and Figure S5 ). Fourth, BUSCO (Simao et al., 2015) analysis indicated that the 'ZS11' assembly had more complete genes than that of 'Tapidor' and 'Darmor-bzh' ( Figure S6 ). Finally, we compared our results to the wheat BAC assembly that used a similar approach (Choulet et al., 2014) . The results showed that the N50 size and scaffold anchored rate of the wheat chromosome 3B assembly was slightly better than that of the 'ZS11' whole-genome assembly, whereas 'ZS11' revealed a better assembly for contigs (Table S8) .
Annotation of protein-coding sequences and non-coding RNA genes
The genome of the semi-winter-type B. napus cultivar 'ZS11' includes 101 942 putative protein-coding genes (Table S9 and Figure S7 ), which 42 416 (41.61%) and 51 042 (50.07%) genes could be assigned to the A n and C n subgenomes, respectively, and 90 731 predicted genes with known functional annotations were identified in Swiss-Prot (Bairoch and Apweiler, 2000) , TrEMBL (Bairoch and Apweiler, 2000) , InterPro (Hunter et al., 2012) , KEGG (Ogata et al., 1999) , and Gene Ontology (GO) (Ashburner et al., 2000) databases (Table S10) . Meanwhile, the expression of 92 127 genes was supported by our transcriptome data ( Figure S8 ). The gene number of 'ZS11' is similar to that of the 'Darmorbzh' assembly (101 040) (Chalhoub et al., 2014) , but significantly higher than the 'Tapidor' assembly, whose gene set was annotated using relatively strict prediction methods (70 162) (Bayer et al., 2017) . Therefore, for the two closely related winter types, we hereby selected 'Darmor-bzh' for the subsequent main comparison studies with semi-wintertype 'ZS11'. About 97.35% of the genes in 'ZS11' were homologous to genes in B. rapa (A r ), B. oleracea (C o ), B. napus 'Darmor-bzh', and Arabidopsis thaliana (Wang et al., 2011; Chalhoub et al., 2014; Liu et al., 2014; Parkin et al., 2014) . Based on homology information, 92 668 of the genes (91%) of 'ZS11', 86 197 the genes (85%) of 'Darmor-bzh', 38 678 of the genes (94%) of A r , 39 786 of the genes (87%) of C o ('capitata'), and 50 104 of the genes (85%) of C o ('TO1000') could be further clustered into OrthoMCL gene families (Li et al., 2003) (Table S11 and Figure S9 ). In total, 43 521 families shared between 'ZS11' and 'Darmor-bzh' represent potential core gene families in B. napus (all these families were also supported by the raw reads of 'Tapidor'). Chi-squared tests showed that only 10 families differed in gene number between the two cultivars (P < 0.01), which was indicative of a high degree of gene number conservation between 'ZS11' and 'Darmor-bzh'. Using homologybased prediction, we identified non-coding RNA genes for 2885 transfer RNAs, 614 microRNAs, 182 small nuclear RNAs, and 5622 ribosomal RNAs (Table S12) .
Conserved syntenic blocks and phylogenetic analyses
Due to its relatively short divergence time, the genome of B. napus has remained largely collinear to those of the corresponding diploid progenitors A r and C o . In the 'ZS11' genome, we identified 35 337 and 42 556 gene pairs that were orthologous between A n and A r and between C n and C o (Tables S13 and S14 and Figure S10 ), and 30 683 homoeologous pairs between two subgenomes of A n and C n (Table S15) . Based on these results, we obtained 28 542 orthologous quadruplets between A n -C n -A r -C o . In addition, we found 75 788 orthologous gene pairs between 'ZS11' and 'Darmor-bzh' (A n -A n : 35 046; C n -C n : 40 742). All 24 ancestral syntenic blocks in the Brassicaceae (A-X) that were identified in A. thaliana (Schranz et al., 2006) were also scanned. As for the progenitor genomes, triplicated blocks corresponding to a Brassiceae lineage-specific whole-genome triplication (Lysak et al., 2005) were observed (Figure 2a, b) . We generated phylogenetic tree and inferred divergence using orthologous and homoeologous sequences. Both the A n and C n subgenomes of 'ZS11' revealed relatively fewer substitutions per site relative to the most recent ancestor compared with those of 'Darmor-bzh' (Figure 2c ), indicating that 'ZS11' is slightly more closely related to its progenitor species. The divergence time between A. thaliana and Brassica spp. was calculated to be~14.8-16.4 million years ago (MYA) , that between A r and C o as~3.7-4.5 MYA, and that between B. napus and progenitors (A r and C o ) as~6700-12 000 YA, which is close to a previous estimate of~7500-12 500 YA (Chalhoub et al., 2014) . These three historic divergence events could be also observed in the distribution of synonymous substitutions per synonymous site (Ks) (Figure 2d ). In the syntenic regions, several genes were missing in the 'ZS11' genome relative to that of its progenitors and 'Darmor-bzh'. In total, 150 A r and 94 C o genes were not detected in the A n and C n subgenomes of 'ZS11' (Tables S16 and S17), 36 were also missing in the 'Darmor-bzh' genomes (23 A r genes and 13 C o genes). In contrast, no supporting reads from the A r and C o genomes were found for 183 A n and 90 and C n genes of 'ZS11' (Tables S18 and S19). For two oilseed rapes, only 272 genes in 'ZS11' and 78 genes in 'Darmor-bzh' showed no supporting reads from each other, indicating that these might have been lost in their respective genomes (Table S20) . Further studies showed that 37 of the 272 missing genes of 'Darmor-bzh' were also absent in another winter-type cultivar, 'Tapidor' (Table S21) , and only eight of the 78 missing genes of 'ZS11' were not detected in 'Tapidor' (Table S22) .
Gene expression and methylation of homoeologous gene pairs
Similar to 'Darmor-bzh', the two subgenomes of 'ZS11' contributed equally to the expression of homoeologous gene pairs in the whole genome. ANOVA showed that the homoeologous A n and C n genomes exhibited no expression bias in 11 of the 12 tissues from 'ZS11' (P > 0.05) ( Figure S11 ). The C n subgenome dominated gene expression only in roots (P = 9.83e-03), in which the expression of 12 343 members of the homoeologous gene pairs was greater for the C n subgenome copies than for the A n subgenome ones (type C n > A n ), whereas only 9686 homoeologous gene pairs show the reverse situation (type A n > C n ). The number of homoeologous gene pairs in which C n homoeologs were upregulated more than the A n homoeologs was also higher in the roots of 'Darmor-bzh', but to a lesser extent (Chalhoub et al., 2014) ( Figure S12) .
A. thaliana We also analysed three types of DNA methylation (CpG, CHG, and CHH) in leaf tissues. For 30 683 homoeologous pairs, more A n genes (28 857) contained methylated sites than did the corresponding C n genes (25 813) in three regions (the CDS, 3 kb upstream of the CDS, and 3 kb downstream of the CDS). In 'ZS11', the degree of methylation (DM) in C n was higher on average (20.21) than that in A n (17.70), and the same phenomenon was observed in 'Darmor-bzh' (Chalhoub et al., 2014) . In total, 8024 homoeologous gene pairs revealed significant differences in methylation between A n and C n homoeologs in the leaf tissues of 'ZS11' (P ≤ 0.01), of which 1739 (21.67%) showed an inverse correlation between DM and gene expression (Table S23 ). These genes were enriched in benzoxazinoid biosynthesis (P = 0.03) and plantÀpathogen interaction (P = 0.04) functions.
Identification and comparison of repetitive sequences among 'ZS11', 'Darmor-bzh', A r and C o Prediction strategies based on structure and sequence homology revealed that about 5.81 and 49.78% of the 'ZS11' genome assembly is composed of tandemly duplicated repeats and transposable elements (TEs). Using the same methods, we identified 4.02, 3.50 and 4.43% tandemly duplicated repeats, and 35.73, 43.09 and 37.48% TEs in the assemblies of 'Darmor-bzh', A r , and C o ('TO1000'), respectively (Table S24 ). The proportion of TEs in the 'ZS11' genome assembly was higher than that in the 'Darmor-bzh', A r , and C o genome assemblies, but the lengths of the TEsmasked syntenic blocks were roughly similar (chi-squared test, P ≤ 0.01) ( Table 1 ). The apparent higher number of TEs in 'ZS11' leads to longer genomic syntenic regions as compared with that in 'Darmor-bzh' (Figure 3a ). For example, TE expansion in the ancestral Brassicaceae block J at the beginning of chromosome C04 is mainly responsible for the observed larger syntenic block in 'ZS11' (Figure 3b ). In fact, >98% of the long terminal repeat (LTR) sequences in 'ZS11' could be supported by the sequence reads of B. napus cultivars 'Darmor-bzh' and 'Tapidor', and its parental species ( Figure S13 ). LTR retrotransposons were better assembled in 'ZS11' than in the assembly of the progenitor species or 'Darmor-bzh' (Table S24) . Interestingly, a higher number of young non-truncated LTR-retrotransposons was assembled in the 'ZS11' assembly ( Figure 3c ). As young LTRs showed a high degree of sequence similarity, a higher number of intact young LTRs in the 'ZS11' assembly were indicative of the effectiveness of BAC clone sequencing for improving the assembly of repetitive regions.
Segmental homoeologous exchanges
HEs have been shown to occur in B. napus (Osborn et al., 2003; Udall et al., 2005; Gaeta and Chris Pires, 2010; Chalhoub et al., 2014; Gazave et al., 2016) , in which segments of chromosomes from one subgenome are lost and replaced by syntenic homoeologous segments of the other subgenome . We retraced all HEs occurring in 'ZS11' by mapping raw sequence reads to the A r and C o genome assemblies as previously described (Chalhoub et al., 2014) and identified 16 large HEs, 13 from C n to A n , (leading to deletion of C n segments and duplication of A n homoeologous ones), and 3 HEs from A n to C n (Table S25 ). More HEs from C n to A n were also observed in 'Darmor-bzh' genome (14 C n to A n and 3 A n to C n ) (Chalhoub et al., 2014) (Figures 4a and S14). Compared with eight other cultivars, only three HEs were specific to 'ZS11' (Figure 4b ). We noted that five HEs were shared by 'ZS11' and 'Darmor-bzh', and three HEs were shared among three semi-winter types, namely, 'ZS11', 'Yudal' and 'Aburamasari'. Shared HEs may have been selected during human cultivation of rapeseed for traits of interest, such as glucosinolates (GSLs). GSLs are important in plant defense and human health (Sonderby et al., 2010) . Similar to 'Darmor-bzh', all 114 orthologous pairs of GSL from A r and C o were highly conserved in the ZS11 genome, and only four genes have no supporting reads in 'ZS11', including two glucosinate biosynthesis genes and two glucosinolate breakdown genes (Table S26 ). In total, four HEs in 'ZS11' contained genes that encoded enzymes in the GSL pathway, all of these were shared by other cultivars, including two that corresponded to important QTLs (Delourme et al., 2013) , one of which (A09 to C09) is shared by 'ZS11' and 'Yudal' and the other (C03 to A03) is shared among 'ZS11', 'Darmor-bzh', 'Bristol', and 'Aviso' (Table S26; Figure 4b ).
FLC genes
Similar to 'Darmor-bzh', nine FLOWERING LOCUS C (FLC) genes were identified in the 'ZS11' genome (Table S27) . Two FLC genes were found to be different between 'ZS11' (semi-winter-type) and 'Darmor-bzh' (winter-type). The first one, C03.FCL5, was pseudogenized in 'ZS11' due to a premature in-frame stop codon. Further studies indicated that this pseudogene was likely not responsible for the differences in the genetic control of flowering time between 'ZS11' and 'Darmor-bzh'. The fact that this pseudogene was also found in the winter cultivar 'Tapidor', the semiwinter cultivar 'Ningyou 7', and in the spring cultivar 'Westar' (Zou et al., 2012) , and in addition to not differentiating early and late flowering lines (Razi et al., 2008) indicates that this mutation is not related to flowering variation in B. napus. The second gene, A03.FLC3, was detected as two copies in ZS11, in which an HE event replaced the original C03.FLC3 by a A03.FLC3 copy. The HE at this loci was also observed in the semi-winter types 'Yudal' and 'Aburamasari'. Previous studies also revealed that the gene A03.FLC3 gene is located within a QTL for vernalization requirement and flowering time (Zou et al., 2012) . Moreover, integration of two copies of this gene from A r into a resynthesized B. napus genome can result in alterations in flowering time (Pires et al., 2004) . This evidence indicated that two copies of A03.FLC3 are likely to play an important role in vernalization adaptation in semi-winter Asian type B. napus. Interestingly, this HE has also been detected in a special winter-type 'Swede' that has low winter hardiness like semi-winter Asian types (Chalhoub et al., 2014) .
Sequence differences between C03.FLC3 and A03.FLC3 occur within a 30-bp segment that contains a G-box and a CAAT-box in cis-block 4 (Zou et al., 2012) , and in another CDS region of FLC3 with four amino acid variants, in which only one amino acid substitution differed in polarity and charge ( Figure 4c ).
Acyl-lipid metabolism genes
The acyl-lipid metabolism pathway is crucial for oil biosynthesis and plant defense. In A. thaliana, this pathway involves at least 120 enzymatic reactions consists of more than 600 genes, including regulatory factors and proteins (Li-Beisson et al., 2013) . More than 2000 genes related to this pathway were identified in a previous study of 'Darmor-bzh' (Chalhoub et al., 2014) . To facilitate comparison, we used uniform prediction methods and identified 2482, 2436, 1148 and 1256 acyl-lipid like genes in 'ZS11', 'Darmor-bzh', A r , and C o, respectively (Table S28) . We also predicted homologous genes in 11 species from the Pentapetala and Poaceae (Figure 5a ), and found that oilseed rapes contained more genes that were related to acyllipid metabolism than the other species, which indicates a potential in B. napus for higher content for molecules that are related to oil biosynthesis [almost all acyl-lipid orthologs (>99.5%) of 'ZS11', and 'Darmor-bzh' were also supported by the raw reads of another B. napus cultivar 'Tapidor']. Further analysis shows that the number of
Darmor-bzh Cn genes that are related to fatty acid elongation and wax biosynthesis pathways and the lipid transfer protein category were significantly enriched in B. napus and other Brassicaceae species (Fisher test, P < 0.01; Figure 5b , c). Plant waxes are vital for the conservation of water, protection from ultraviolet radiation, plant defense, and plant-insect interactions (Jenks et al., 1994; Barnes and Wellburn, 1996; Eigenbrode and Espelie, 2003) . A higher number of wax-related genes in polyploid B. napus might improve stress resistance and ecophysiological adaptation, thereby serving as an example of the possible advantages of polyploids. In total, 47 acyl-lipid genes were swapped due to eight HEs in 'ZS11', whereas six of these were shared with other cultivars, including three HEs that were shared with 'Darmor-bzh' (Table S29) . Interestingly, 11 of these 47 genes were orthologs that were related to wax biosynthesis.
Single nucleotide polymorphisms among 'ZS11', 'Darmorbzh', A r , and C o and genomic introgression events in 'ZS11'
We have looked for SNPs among whole genomes of 'ZS11', 'Darmor-bzh', A r , and C o . For two B. napus species, we obtained a total of~1.12 million SNPs (A n : 566 294; C n : 640 913), and found that the SNP density in the A n subgenome (171 per 100 kb) was higher than that in the C n subgenome (122 per 100 kb), which is in agreement with previous results using 10 B. napus accessions (Huang et al., 2013) . In total, 20 071 homozygous SNPs were identified between semi-winter-type 'ZS11' and winter-type 'Darmor-bzh', which resulted in non-synonymous mutations in 9794 genes (these SNPs were also validated by the reads of another winter-type 'Tapidor', and the genotypes of 'Darmor-bzh' and 'Tapidor' were identical but differed from those in 'ZS11') ( Table S30 ). These genetic variants in protein-coding regions could be potentially used to distinguish two morphotypes of B. napus. GO enrichment analysis for these genes showed that 'adenyl ribonucleotide binding' (GO:0030554), 'protein phosphorylation' (GO:0006468), and 'macromolecule metabolic process' (GO:0044238) terms were significantly enriched (P ≤ 0.01) ( Figure S15 ).
In total, 677 181 and 962 999 homozygous SNPs were identified in the A genomes ('ZS11' A n , 'Darmor-bzh' A n and A r ) and the C ('ZS11' C n , 'Darmor-bzh' C n and C o ) genomes. In total, 978 303 sites (~60%) were identical in 'ZS11' and 'Darmor-bzh', but were polymorphic with progenitor species. Among these, 44 082 resulted in amino acid changes in 20 280 B. napus genes (also supported by raw reads of winter-type B. napus cultivar 'Tapidor') relative to the progenitors (Table S31) . Several of these SNPs were located in genes that were related to ATP binding (GO:0005524, P = 1.15e-30), plant-pathogen interaction (KEGG) (P = 1.34e-05), and ATP-binding cassette (ABC) transporters (P = 1.14e-03). Within the plant-pathogen interaction pathway, the nucleotide binding site (NBS) leucine-rich repeat (LRR) domain (NBS-LRR) disease resistance genes (R genes) were highly enriched (Fisher' exact test; P < 8.846e-14), and involved 81 of a total of 429 NBS-LRR genes. Relative to A r and C o , 'ZS11' and 'Darmor-bzh' have more common genotypic changes in the sequences encoding NBS domains (76) than in those encoding LRR domains (49) (chi-squared test; P = 0.016) ( Table S32 ). The NBS domains are associated with a signal transduction switch following pathogen recognition and can bind and hydrolyze ATP and GTP (Tameling et al., 2002) , whereas the LRR (b) Enrichment analysis of oil biosynthesis-related genes. Genes of each two pairs of species are compared using Fisher's exact test, the smaller of the P-value indicates the gene ratio of a certain pathway is higher different. All Brassicaceae species contained a larger proportion of genes that were related fatty acid elongation and wax biosynthesis pathway and its subclass of lipid transfer proteins. Some of Fabids species such as Glycine max also revealed the same condition.
[Colour figure can be viewed at wileyonlinelibrary.com].
functions in the recognition and binding of pathogenderived molecules (Ellis et al., 2000) . Interestingly, the BnA07 g0302810.1 gene in 'ZS11' and the corresponding BnaA07g34770D gene in 'Darmor-bzh' contained a common non-synonymous mutation relative to A r (in NBS domain) and was identified within QTL for blackleg resistance in B. napus . These common variants might reflect common adaptations to plant pathogens in B. napus. In total, 400 433 SNPs (type I) display the same genotypes as those in 'ZS11' and the progenitor species but exhibited different genotypes in 'Darmor-bzh', whereas 230 152 SNPs (type II) have the same genotypes in 'Darmor-bzh' and the progenitor species but different genotypes in 'ZS11' ( Figure S16 ). There were more type I SNPs than type II SNPs in both subgenomes (Figure 6a ), indicating again that ZS11 is relatively more closely related to A r and C o than 'Darmor-bzh'. A n contains a higher proportion of type I SNPs than does C n ( Figure 6a ). In Asia, B. napus was initially introduced from Europe and cultivated alongside local B. rapa species, which subsequently replaced it as the main oil crop, which caused a certain range of genetic regions of B. rapa were introgressed into B. napus (some regions of A n were replaced by the orthologous regions of A r ). Such an introgression event in 'ZS11' is reflected in the phylogenetic reconstruction of the vernalization-related gene FLC3. A genomic region of 'ZS11' containing A03.FLC3 is not only located within a HE from C03 to A03, but is also much more similar to the corresponding A r regions than to 'Darmor-bzh' (enriched in type I SNPs) (Figure 6b ). From the relationships of the FLC3 gene sequences (Figure 6c ), we infer that the region containing the FLC3 gene in 'ZS11' initially underwent HE, followed by genomic introgression from A r (Figure 6d ), which explains why 'ZS11' C03.FLC3 is more closely related to 'Darmor-bzh' A03.FLC3 than to 'ZS11' A03.FLC3, and why the 'ZS11' A03.FLC3 is nearly identical to A r A03.FLC3 (Figure 6c) .
DISCUSSION
HEs are likely formed during meiosis Szadkowski et al., 2010; Nicolas et al., 2012) , thereby leading to the genetic diversity and affecting some key agronomic traits (Szadkowski et al., 2011; Zou et al., 2011; Chalhoub et al., 2014; Rousseau-Gueutin et al., 2017; Schiessl et al., 2017; Stein et al., 2017) . Relative to the winter-type, the most important specific HE in the semi-wintertype is that from C03 to A03 that has resulted in two copies of A03.FLC3. Various rapeseed morphotypes differ in vernalization requirements and winter hardiness. Spring-sown and semi-winter types need few vernalization requirements, whereas winter types always require more. The FLC genes play essential roles in controlling vernalizationresponsive flowering time (Michaels and Amasino, 1999; Schranz et al., 2002; Zou et al., 2012) and show genetic variations (SNPs) among lines with different flowering times (Schranz and Osborn, 2000; Cruz et al., 2007; Schiessl et al., 2014) . Two copies of A03.FLC3 found here appear as the key difference between the two types of B. napus in regulating vernalization.
Previous studies have also shown that B. napus and B. rapa can spontaneously undergo introgression (hybridize and backcross) in natural conditions and in experimental fields (Hauser et al., 2003; by Hansen et al., 2001) . During the early selective breeding process in Asia, B. napus was hybridized with B. rapa to obtain the genetic basis and improve key agronomic traits (e.g., the maturation stage of seed) (Qian et al., 2006) . Through introgression, we determined that the A03.FLC3 gene of the semi-winter-type of 'ZS11' was ultimately replaced by the ortholog that originated from A r genome of B. rapa. Thus, both HE events and the introgression efforts have altered the combination of the two FLC3 homoeologs in the semi-winter-type 'ZS11', thereby resulting in a semi-winter-type that is well adapted to the Asian climate. A previously reported HE from C02 to A02 that resulted in two copies of the A02.FLC2 gene may also play an important role in the vernalization adaptation of semi-winter B. napus types (Chalhoub et al., 2014). However, our results showed that this HE did not occur in 'ZS11', indicating that it is not related to the trait adaptation.
In this study, we provide a high-quality genome sequence of a semi-winter Asian type of B. napus. A large number of B. napus ESTs retrieved from GenBank match the 'ZS11' assembly, indicating that the transcript sequences are highly conserved in different accessions of B. napus due to a relatively short evolutionary time. Better targeting of repetitive regions through BAC clone sequencing in this study resulted in a better assembly of the 'ZS11' genome compared with the existing genome of the winter oilseed rape allowing a better understanding of the genetic diversity of B. napus morphotypes (shaped by human breeding and selection efforts), and elucidating the genomic basis of key events that have led to the emergence of semi-winter-type that is adapted to the Asian climate, thereby rendering B. napus as a major crop.
EXPERIMENTAL PROCEDURES
Whole-genome shotgun sequencing
We sequenced the genome of the elite B. napus cultivar 'ZS11', which was chosen because of its high oil content, high seed production and its semi-winter-type. Genomic DNA was isolated using standard techniques and nine libraries with inserts sizes of 180 bp, 250 bp, 500 bp, 800 bp, 2 kb, 5 kb, 10 kb, 20 kb, or 40 kb were constructed (Table S2 ). For each short-insert library, DNA was fragmented, ends were blunted, poly-A tails were added, and the fragments were ligated to adapters. Ligated fragments with sizes of 180, 250, 500, or 800 bp were selected on agarose gels and amplified by ligation-mediated polymerase chain reaction (PCR) to yield short-insert libraries. For long mate-pair libraries with long inserts, 20-40 lg of genomic DNA was sheared by nebulization to obtain 2-kb fragments or by HydroShear to obtain 5-, 10-, 20-, or 40-kb fragments. DNA fragments were then treated to create blunt ends using biotinylated nucleotide analogs (Illumina). Fragments of 2, 5, 10, 20, or 40 kb in size were selected and then circularized using intramolecular ligation. Circular DNA molecules were sheared using adaptive focused acoustics (Covaris) to an average size of 500 bp. Biotinylated fragments were purified using magnetic beads (Invitrogen), treated to create blunt ends and poly-A tails were added. Fragments were then ligated to Illumina paired-end adapters, size-selected again, and purified using ligation-mediated PCR. Finally, all of the above libraries were sequenced using the Illumina HiSeq 2000 sequencing platform (Illumina). In total, 286 Gb of paired-end reads were generated and 137 Gb of high-quality reads were retained for assembly.
Reads of low quality were filtered out if pairs of reads contained ≥5% 'N' (ambiguous) bases; the proportion of low-quality bases (i.e. ASCII of base quality-64 ≤ 7) was >20% of the read; or >10 bp of adapter sequences were included in one read.
Bacterial artificial chromosome (BAC) pooling and sequencing
In order to improve the quality of the assembly, we used a BACto-BAC strategy in combination with Illumina sequencing for the de novo assembly of the allotetraploid B. napus genome. (Table S1 ).
Genome assembly
We mainly applied a BAC-to-BAC sequencing strategy to assemble the 'ZS11' genome. and used NGS data to improve the assembly (constructing the scaffold and filling the gaps). The process of BAC-to-BAC sequencing is shown in Figure S1 . Genomic DNA was fragmented and BACs with average insert sizes of 100 kb were generated. All BACs were classified into six types: (S) two or more BACs that were identical, (HS) two or more BACs that were nearly identical with a small number of heterozygous positions, (HH) two or more BACs that were similar, but with many regions of high levels of heterozygosity, (MD) two or more BACS that were primarily different but shared many positions, (ND) two or more BACS that were primarily different but shared a small number of positions, and (D) a BAC that did not share sequences with another BAC. For each BAC, we constructed libraries with 250-bp or 500-bp inserts and sequenced each to~100-fold coverage using a HiSeq 2000 platform. Each BAC was then assembled using reads from two libraries using SOAPdenovo (Version2) (Li et al., 2010) . All assembled scaffolds of WGS BAC sequences were then pooled for overlap-layout-consensus assembly. Identical sequences were merged, and redundant bases were filtered out. All super-contigs obtained from overlap-layout-consensus assembly were linked to final scaffolds using the WGS-based long-insert library reads (2-40 kb) step by step using SSPACE (Boetzer et al., 2011) . S-type BACs are considered repeat sequences and their exact locations cannot be determined during construction of final scaffolds. Thus, all S-type sequences were output as final scaffolds. To fill gaps (regions comprised of 'N' bases) within the scaffold, all WGSbased short-insert library reads were mapped to the scaffold. Short reads were locally assembled to fill the gaps. S-type sequences represented duplicated sequences in some regions on the final gap-filled scaffolds and all redundant S-type sequences were then removed from the final assembly (Table S3 ). All scaffolds were then anchored to pseudo-chromosomes. Five genetic maps of B. napus were collected firstly, including 'ZS11' 9 '73290' (Z7) (Li et al., 2014) , 'Darmor-bzh' 9 'Yudal' (DY) (Chalhoub et al., 2014) , 'GH06' 9 'P174' (GP) , 'Tapidor' 9 'Ningyou7' (TN) (Zhang et al., 2016) and 'M083' 9 '888-5' (M8), and then merged using ALLMAPS (Tang et al., 2015) .
Validation of the assembly
Firstly, ESTs were downloaded from NCBI and unique genes were assembled from transcriptome data of 'ZS11', and then were aligned to the 'ZS11' assembly using BLAT (version 34) (Kent, 2002) under the default parameters. Secondly, 17 BAC sequences (generated by Sanger sequencing technology) were collected from NCBI and our own libraries, then were aligned to the assembly using BLAT. Thirdly, probe sequences from a recent reported genetic map of an F 2 population from the B. napus cross '61 616' 9 '51 070' (Sun et al., 2016) (Table S4 ) were aligned to the assembly using blast and only the markers with unique mapping results were considered for subsequent analysis. A map of the syntenic relationship between the 'ZS11' assembly and the above-mentioned genetic map was drawn using Perl scripts.
Identification of repeat content
We analysed the TEs for the assembly of B. napus ZS11, B. napus Darmor-bzh, B. rapa 'Chiifu-401-42' and B. oleracea 'TO1000' using the de novo and the homolog search method based on Repbase (Jurka et al., 2005) (Table S24) . Firstly, three de novo software programs, PILER-DF (Smith et al., 2007) , RepeatModeler, and LTR_FINDER (Xu and Wang, 2007) were used to predict speciesspecific TE sequences within the assembly. Secondly, for homology-based analyses, we identified TEs using RepeatMasker based on Repbase (http://repeatmasker.org/). For protein-based prediction, we identified TEs using RepeatProteinMask, which is a software component of the RepeatMasker package. Finally, we combined results from de novo and the homolog predictions, and joining overlapping TE elements. The tandem repeats were predicted using Tandem Repeat Finder (Benson, 1999) with parameters set to '2 7 7 80 10 50 2000 -d -h'. We also searched for non-interspersed repeats with RepeatMasker using its '-noint' parameter.
Prediction of gene models and non-coding RNAs
De novo gene prediction, homology-based methods, and RNASeq data were used to predict gene structure in the B. napus 'ZS11' assembly. All results were integrated using GLEAN (Elsik et al., 2007) to obtain a consensus set of genes (Table S8) . Firstly, the de novo gene predictors including Augustus (Stanke and Waack, 2003) and GlimmerHMM (Majoros et al., 2004) were used to identify candidate gene models on repeat-masking genomic sequences. The Hidden Markov Model matrix trained from A. thaliana was chosen in the prediction process. Secondly, for homology-based predictions, protein sequences from five sequenced genomes (A. thaliana, B. oleracea 'TO1000', B oleracea 'capitata', B. rapa 'Chiifu-401-42', and B. napus 'Darmor-bzh') were aligned to the B. napus genome using tblastn (E-value ≤ 1e-5). Transcript sequences assembled from the RNA-Seq reads were also aligned to the genome sequence using blast (identity ≥0.95, and coverage ≥0.90). All candidate gene regions were predicted accurately spliced alignments and accurate gene structures using GeneWise (Birney et al., 2004) . Thirdly, we used GLEAN to integrate data from the two methods described above and generate a consensus set of genes. Short genes with coding sequences <150 bp, and low-quality genes with gaps representing >10% of the coding region were both eliminated. For functional annotations, we searched all the protein sequences of gene models in the protein databases InterPro, Gene Ontology, Swiss-Prot, TrEMBL, and KEGG (Table S10) . OrthoMCL (Li et al., 2003) (inflation parameter = 1.5) was used to strictly predict all candidate gene families (Table S11) . Software Infernal (V0.81) were used to predict non-coding RNA by scanning the sequence against a library of Rfam (V9.0) (Griffiths-Jones et al., 2005) . Software tRNAscan-SE (V1.23) (Lowe and Eddy, 1997 ) was used to predict tRNA in ZS11 assembly (Table S12) .
Genome synteny and whole-genome duplication analyses
We firstly used all-versus-all blastp (E-value < 1e-5) to detect paralogous gene among B. napus ('ZS11' and 'Darmor-bzh'), B. rapa, B. oleracea 'TO1000' and A. thaliana. Then, syntenic gene blocks were detected using McScan (Tang et al., 2008) (MatchScore = 50, MatchSize = 5, GapScore = -3, E-value < 1e-05). The set of syntenic blocks with best 1:1 correspondence was further refined using the synteny alignment tool QUOTA-ALIGN (Tang et al., 2011) (Tables S13-S15). Although, more than 10 000 genes 'ZS11' or 'Darmor-bzh' were mis-annotated in the assembly of 'Tapidor', three genomes revealed a high colinearity. For details, two winter types ('Darmor-bzh' and 'Tapidor') revealed slightly higher collinearity (60 936 gene pairs) than 'Tapidor' and 'ZS11' (58 534 gene pairs). An orthology-based phylogenetic tree was constructed after removing genes from large gene families (copy number ≥10), tandem clusters, and those that could be located within HEs. Orthologous protein sequences in the global alignments were reverse translated into DNA sequences. Four-fold degenerate sites were extracted from each alignment and concatenated to generate one super-gene for each species. PhyML (Guindon and Gascuel, 2003) were then used to construct the phylogenetic tree. Synonymous substitutions per synonymous site (Ks) were also calculated using PhyML (Guindon and Gascuel, 2003) ( Figure S17 ). Common and specific whole-genome duplication events in B. napus genome were identified in Four-fold divergence: crucifer-lineage alpha whole-genome duplication (ɑ-WGD), Brassiceae lineage specific whole-genome triplication, and the recent genome doubling from the hybridization of B. rapa and B. oleracea.
Estimates of species divergence times
Species divergence times were estimated using the Bayesian relaxed molecular-clock approach using MCMCTree, which is part of the PAML package (Yang, 2007) . We used the 'correlated molecular clock' and 'JC69' models within MCMCTree to calculate it. The Markov chain Monte Carlo (MCMC) process was run 100 000 times with the sample frequency set to 2. 'Finetune' parameters were set so that acceptance proportions fell within the interval 0.15-0.7. Two independent runs were performed to check for convergence. We marked the divergence time between Arabidopsis and Brassica with 12-20 MYA (Chalhoub et al., 2014) .
Identifying missing genes
We applied three major filtering strategies to confirm the real missing genes of 'ZS11' genome relative to A r and C o (Tables S16  and S17 ). Firstly, we extracted A r or C o genes for which no orthologs could be found within syntenic blocks in the 'ZS11', then we mapped the coding DNA sequences (CDS) of those genes to all genes in 'ZS11' using tblastn (identity ≥ 0.25, E-value ≤1e-5) to filter the missing genes that contained relatively more sequence variations with its orthologs. Secondly, we filtered the genes that had been falsely designated as missing due to annotation methods. We masked the sequences of 'ZS11'genes that had been confirmed as A r or C o orthologs, and then used the CDS of potential missing genes to query the masked genome using BLAT (alignment rate ≥0.8, identity ≥0.6). Thirdly, we detected whether the missing genes were caused from a failure of assembly. Clean sequence data representing about 20-fold coverage for 'ZS11' (insert sizes ≤500 bp) were mapped to the potential missing genes (with 500-bp flanking regions at each end) using SOAP2 version 2.21 . The depth threshold refers to that used in a previous study (Chalhoub et al., 2014) to judge whether a gene was missing. If a gene was not supported by unique mapping reads and the coverage was less than 0.5, then that gene would be confirmed as missing. The same methods were used to evaluate genes missing from A r and C o relative to 'ZS11' (Tables S18  and S19) , and the missing genes between 'ZS11' and 'Darmorbzh' (Table S20 ). Similarly, the missing genes were also predicted between 'ZS11' and 'Tapidor' (Table S21) , 'Darmor-bzh' and 'Tapidor' (Table S22 ).
Generation of RNA-Seq data
Total RNA was extracted from 11 samples ( Figure S11 ). Poly-A RNA was enriched using oligo-dT-coated magnetic beads. A fragmentation buffer was then used to generate short mRNA fragments of~200 bp. Using these fragments as templates, firststrand cDNA was synthesized using random-hexamer primers and buffer, dNTPs, RNase H, and DNA polymerase I were then combined with first-strand cDNA for second-strand synthesis and the resulting double-stranded cDNA was purified using the QIAquick PCR Extraction Kit (Qiagen) and washed with elution buffer prior to creating blunt ends and adding poly-A tails. Sequencing adaptors were then ligated to the fragments, which were then purified by agarose gel electrophoresis and then enriched by PCR amplification. The library products were then ready for sequencing on the Illumina HiSeq 2000 system. We used the RPKM method (Reads per kb transcriptome per million mapped reads) to calculate gene expression levels. We used the following equation to calculate the level of expression associated with gene A: RPKM ¼ 10 6 C NL=10 3 , where C is the number of reads that uniquely align to gene A, N is the total number of reads that uniquely align to any gene, and L is the length (in bp) of gene A. The RPKM method eliminates the influence of gene length when calculating gene expression levels.
Enrichment analysis
Gene ontology (GO) enrichment was performed in three steps. Firstly, all target genes (TGs) were queried against GO terms in the Gene Ontology database (http://www.geneontology.org/) to determine the numbers of TGs associated with each GO term. Secondly, a hypergeometric test was used to identify GO terms that were significantly enriched among TGs compared with the genomic background of all genes with GO annotations, using the formula:
where N is the number of genes with GO annotation; n is the number of TGs; M is the number of genes in the 'ZS11' genome associated with particular GO terms; and m is the number of TGs in M. Thirdly, a Bonferroni correction was calculated to control type I error due to multiple comparisons (threshold corrected P ≤ 0.05). We used the same formula for KEGG pathway enrichment analysis as that used to analyse GO term enrichment, where N is the number of genes with any KEGG annotation, n is the number of TGs in N, M is the number of genes with a particular KEGG annotation, and m is the number of TGs in M.
Bisulfite sequencing analysis
Genomic DNA was fragmented into 100-300-bp fragments using sonication. Resulting fragments were subjected to blunt-end repair, addition of poly-A tails to 3 0 ends of the fragments, and ligation of methylated sequencing adaptors. Bisulfite treatment of the ligated fragments was then performed using an EZ DNA Methylation-Gold ™ Kit (Zymo Research). The reaction was then desalted and fragments were size-selected using gel electrophoresis. Samples were then amplified by PCR and size-selected again. Finally, the library was sequenced.
Sequence data were first filtered to remove low-quality data. Sequences were removed if they contained adaptor sequences, the proportion of 'N' bases was >10%, or the proportion of lowquality bases (Q30 < 20) was >10%. The remaining high-quality data were then mapped to the reference genome using BSMAP software (Xi and Li, 2009) . Quality tests of the alignment were also performed. The three major types of cytosine patterns in the context of DNA sequences are CG, CHG, and CHH, where H represents a non-G base. Uniquely, mapped sequences provided information about cytosine methylation across the genome. Each cytosine residue was considered effectively covered when its effective sequencing depth was ≥1. Initially, we determined the degree of methylation by dividing the number of reads covering each methylated cytosine by the total number of reads covering that cytosine (the mC/C ratio). Then average normalized methylation levels were determined for the CDS region, and 3 kb upstream of the CDS region and 3 kb downstream of the CDS region. The formula is Σ (M*1000)/(M + nM)*L, where M is the number of reads supporting the methylated cytosine, nM is the number of reads supporting those non-methylated cytosine, L is the length of the region.
Detection of single nucleotide polymorphism (SNP)
First, the reference 'ZS11' sequence was indexed using the BWA index function (Li and Durbin, 2009 ). More than 15 9 raw sequence data were aligned to the reference 'ZS11' assembly, and 10 9 uniquely mapped results were obtained for each species ('ZS11', 'Darmor-bzh', A r and C o ). Second, BWA was also used to calculate the SNPs. We next filtered the results for minimum of the nucleotide quality (Q30) ≥ 20, no SNPs within 5 bp of the candidate sites, a minimum 4 9 coverage depth at the candidate sites, and a maximum 100 9 coverage depth at the candidate sites. SNPs within coding regions were extracted using Perl scripts (Tables S30-S32) .
Prediction of NBS-LRR genes (nucleotide binding site and leucine-rich repeats)
Nucleotide binding site and leucine-rich repeat (NBS-LRR) genes are the largest class of characterized disease resistance (R) genes that encode intracellular proteins (Meyers et al., 2005) . All the genes are abundant in plant genomes and have an important function in resistance to pathogens (DeYoung and Innes, 2006) . The genes were predicted after downloading Hidden Markov models (HMM) for NBS-LRR proteins from the Pfam database (http:// pfam.xfam.org/) and using HUMMER V3.0 (Johnson et al., 2010) with an E-value < 1e-5 to predict NBS-LRR proteins encoded by the 'ZS11' genome (Table S32) .
LTR insertion analysis
Intact LTRs were identified genome-wide using the Windowsbased software LTR_STRUC (McCarthy and McDonald, 2003) .
Intact LTRs, were extracted and aligned globally. The evolutionary distance between each pair of sequences in each multiple sequence alignment was calculated using the EMBOSS distmat function (Rice et al., 2000) with values in terms of the number of substitutions per 100 bases. The time of LTR insertion was estimated using the formula: time = K/2r, where K is the distance between alignment pairs and r is the rate of nucleotide substitution. The value of r (7 9 10 À9 ) was set as the rate of nucleotide substitution in A. thaliana (Ossowski et al., 2010) .
Homoeologous exchanges
Homoeologous exchanges (HEs) were identified by aligning clean reads representing about 20-fold coverage of the 'ZS11' genome to reference assemblies A r and C o (TO1000). Double coverage in 16 segmental regions was identified relative to the corresponding homoeologous regions, which revealed the HEs in the 'ZS11' genome (Table S25 ). The locations of HEs in the A r and C o genomes were similarly compared with those identified in a previous genomic analysis of 'Darmor-bzh' and seven other cultivars, including resynthesized B. napus, 'Kale', 'Bristol', 'Aviso', 'Aburamasari', 'Swede' and 'Yudal' (Chalhoub et al., 2014) .
Homology-based identification of genes involved in glucosinolate metabolism, control of vernalizationresponsive flowering, or acyl-lipid metabolism
We identified 95 genes involved in glucosinolate biosynthesis and 18 genes glucosinolate catabolism in the 'ZS11' genome using blastn based on homologs from 'Darmor-bzh', B. rapa, and B. oleracea (Table S26) . HEs overlapping QTL for GSL metabolism were identified using probe sequences for QTLs mapped in a previous study (Delourme et al., 2013) . Nine FLOWERING LOCUS C (FLC) genes were identified in the 'ZS11' genome using homologybased blastn searches. Among these, the FLC5 loci in the genomes of 'ZS11', the winter cultivar 'Tapidor', the semi-winter cultivar 'Ningyou 7', and the spring cultivar 'Westar' (Table S27) were found to be pseudogenes due to a premature in-frame stop codon (Zou et al., 2012) . Genes encoding enzymes related to acyllipid metabolism in 'ZS11', 'Darmor-bzh', A r and C o , were identified with blastn searches using 606 query genes from A. thaliana (Li-Beisson et al., 2013) . Acyl-lipid genes from 11 other plant species were also identified using blastn (Figure 5a ). JCYJ20151015162041454 and JCYJ20150529150505656) and the Shenzhen Key Laboratory of Transomics Biotechnologies (CXB201108250096A). The 'ZS11' seeds can be obtained from the Oil Crops Research Institute of China (Chinese Academy of Agricultural Sciences) by sending an e-mail to Prof. Hanzhong Wang (wanghz@oilcrops.cn) or Prof. Wei Hua (huawei@oilcrops.cn).
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